18 O zircons can also aid geochronology studies that seek to date high-grade metamorphic events due to the ability to distinguish metamorphic from detrital zircons in marble.
18 O zircons are thus metamorphic; the 15-25% zircon values are consistent with a marble origin in a rock-dominated system (i.e., low fluid (external) /rock); the lower d 18 O zircon values (9-15%) are consistent with an origin in an external fluiddominated system, such as skarn derived from marble, although many non-metasomatized marbles also fall in this range of d 18 O. High d 18 O ([15%) and the absence of zoning can thus be used as a tracer to identify a marble source for high d 18 O detrital zircons; this recognition can aid provenance studies in complex metamorphic terranes where age determinations alone may not allow discrimination of coeval source rocks. Metamorphic zircon megacrysts have not been reported previously and appear to be associated with high-grade marble. Identification of highanalytical methods to understand its petrogenesis. Zircon has been shown to be highly retentive of oxygen isotope ratio (d 18 O) over a wide range of geologic conditions and time (Valley et al. 1994; Watson and Cherniak 1997; Peck et al. 2003; Page et al. 2007a; Moser et al. 2008) . With accurate empirical and theoretical oxygen isotope fractionation factors for zircon and co-existing phases (Valley 2003) , analysis of d 18 O in zircon offers unique insights into a variety of petrologic processes, including the recognition of primitive mantle-equilibrated melts (Valley et al. 1998; Page et al. 2007b; Cavosie et al. 2009; Grimes et al. 2011) , evidence of the first continents and oceans Cavosie et al. 2005 ); evolution of the continental crust Hawkesworth and Kemp 2006; Moser et al. 2008) ; origin of large batholiths (Lackey et al. , 2008 ; origin of low d
18 O magmas (Bindeman and Valley 2001; Bindeman et al. 2008) , evaluation of mineralmelt and mineral-mineral equilibria (King et al. 2001; Valley et al., 2003; Lackey et al. 2006; Trail et al. 2009) , and a monitor of whole-rock alteration (King et al. 1997 ).
Studies of d
18 O in metamorphic zircon also yield important information about sub-solidus processes, including the composition of crustal fluids, partial melting, and recrystallization Martin et al. 2006; Page et al. 2007a; Lancaster et al. 2009; Gordon et al. 2009 . However, 99% of the reported d
18 O values for igneous zircon of all ages are below 10% (Fig. 1a) . One notable exception is a suite of rare high d
18 O granitic rocks in the Grenville Frontenac Terrane (Shieh 1985) , where granitoids are interpreted to have originated from melting of buried pelitic sediments and yield zircons with d
18 O up to 13.5% (Peck et al. 2004 composition results from sub-solidus processes, such as recrystallization or other processes that record oxygen isotope exchange with the host rock or fluids. Most published d
18
O data for metamorphic zircon (99%) range from 5 to 15% (average = 9.8%) and are from metapelites and quartzites from the Adirondack Mountains (USA) and the Kapuskasing uplift (Canada), and metapelites and metabasites from Naxos (Greece) (Fig. 1b) . Ion microprobe studies have demonstrated that zircon rims from Adirondack granulites (quartzites and pelitic migmatites) yield d
O as high as 12.8% Page et al. 2007a; Lancaster et al. 2009 ); zircon rims from Adirondack amphibolite facies rocks (pelitic migmatites) yield similar values up to 13.2% (Lancaster et al. 2009 ). The upper value of *13% for Adirondack metamorphic zircon is thus comparable to that found in igneous zircon from the Frontenac granitoids, which is higher than all other igneous zircons. Detrital zircons from granulite facies quartzites in the Kapuskasing uplift contain igneous cores surrounded by metamorphic rims that yield d
O from 8.4 to 10.4% (Moser et al. 2008 Peck et al. (2001) and Valley (2003) report a d 18 O value of 22.9% for ''Mog'' (USNM #R18113), a large detrital zircon from a placer deposit in an amphibolite terrane near Mogok, Myanmar. The Mogok area is known for the mining of placer deposits that yield large gemstones such as corundum, forsterite, and spinel (Yui et al. 2008) . Nasdala et al. (2008) reported a d 18 O of 13.9% for M257, a zircon U-Pb standard from Sri Lanka. Zircon M257 is a large megacryst (long dimension = 20 mm) detrital zircon from a placer deposit in the Highlands Southwest Complex, a granulite terrane in Sri Lanka that is also known for the mining of gemstones from placer deposits (Nasdala et al. 2008) . Like Mog, the protolith of M257 is not known. The only report of an anomalously high d 18 O zircon from a known source rock is from an ultra-high pressure (UHP) terrane in the Dabie-Sulu Orogen, China. Zircons separated from an eclogite facies boudin of metasedimentary rock hosted in a UHP marble yield d
18 O = 16.8% by bulk laser analysis (Wu et al. 2006a (Valley et al. 1995) analyzed multiple times at the beginning of the run. The reproducibility of UWG-2 for the two analytical sessions (May 5, 2008 and May 6, 2009 ) was 0.04% (2 standard deviations, SD) for each session.
U-Pb standard CZ3 (Sri Lanka)
CZ3 is a zircon U-Pb standard from a fluvial deposit in a granulite terrane from Sri Lanka (Pidgeon et al. 1994 ). The CZ3 crystal was a large *1 g zircon with no observable zoning (Pidgeon et al. 1994) and was adopted as the primary U-Pb standard used at the Curtin University SHRIMP facility (Nelson 1997; de Laeter and Kennedy 1998) . CZ3 has a 206 Pb/ 238 U age of 564 Ma, and U and Th concentrations of 551 ± 10 ppm and 30 ± 2, respectively (Pidgeon et al. 1994; Nelson 1997; Nasdala et al. 2004) . Forty analyses of rare earth elements (REE) by SHRIMP-RG yield an average RREE abundance of 26 ppm (Mattinson et al. 2006 (Xu et al. 2004; Wu et al. 2006b ), which yield eHf (564) = -25.5 (Xu et al. 2004) .
Six chips of CZ3 were analyzed for d 18 O by ion microprobe. The chips were previously embedded in four 25-mm-diameter epoxy mounts where they were utilized as U-Pb standards (Cavosie et al. 2004 ). Cathodoluminescence (CL) imaging of the six chips yields mostly homogeneous images showing contrast variations only around cracks. No growth zoning (magmatic or otherwise) or mineral inclusions were observed in any chips of CZ3, consistent with previous descriptions (Pidgeon et al. 1994; Nasdala et al. 2004 18 O(calcite) of 23.6%. In an archived thin section (UW #1845-88) cut from sample CJJ4, a euhedral zircon was identified enclosed in a calcite ? tremolite matrix ( Fig. 2a) and is interpreted on textural considerations to be a metamorphic zircon. No discernable cathodoluminescence signal was detected from this zircon (see image in Online Resource 3).
The zircon was cast in the center of a 25-mm epoxy mount and re-polished ( Fig. 2b) , along with a chip of zircon oxygen isotope standard KIM5 for d
18 O analysis by ion microprobe.
WiscSIMS Cameca 1280 ion microprobe methods

Analysis protocols for d
18 O in zircon closely follow those described elsewhere Valley and Kita 2009) . A 133 Cs ? primary ion beam (20 keV total impact voltage) was focused to a diameter of 10 lm on the sample surface. Secondary O -ions were accelerated from the sample by -10 kV, and the analysis site was centered under a uniform electron field generated by a normalincidence electron gun for charge compensation. The intensity of 16 O was *2 9 10 9 cps, depending on the primary intensity (ca. 1 9 10 9 cps/nA). Mass resolving power was set to ca. 
Results
Sixteen d
18 O analyses were performed on Sri Lanka zircon CZ3 by ion microprobe and calibrated with 40 bracketing analyses of KIM-5 (Table 1) . The average of all CZ3 analyses made on the six grains in four different analytical sessions over 3 days (July 19-21, 2006 ) is d
18 O = 15.43 ± 0.42% VSMOW (2 SD, n = 16, 2 standard error = 0.10%) (Fig. 3) . Uncertainty listed for individual analyses is based on the reproducibility of KIM-5 during that session and ranges from 0.32 to 0.39% (2 SD). The SD of all 16 measurements of CZ3 (±0.42%, 2 SD) is only slightly larger than that for KIM-5 in any given session (Table 1) .
Six analyses of d 18 O were performed on zircon CJJ4 by ion microprobe and calibrated with 12 bracketing analyses of KIM-5 (Table 2) . During post-d
18 O analysis imaging of the analytical pits, analyses #4 and #5 were found to have been made close to a *40-lm hole in the center of the grain that may have resulted from the preferential removal of intergrown calcite during polishing (Fig. 2a) . The two O analysis pits by ion microprobe, including analysis number (Table 2) . Zrn zircon; Tr tremolite; Cal calcite pits were located on rough surfaces of the zircon that were slightly lower than the polished surface and hence not made on a polished surface (Fig. 2b) . Given the irregular nature of these pits, data from these two analyses were not considered further based on published criteria for the evaluation and rejection of irregular pits . The remaining four analyses yield d 18 O = 19.4 ± 0.6% (2 SD) VSMOW. Uncertainty listed for individual analyses is based on the reproducibility of KIM-5 during that session and ranges from 0.34 to 0.28% (2 SD). The d
18 O values for CZ3 and CJJ4 are plotted in Fig. 4a along with previously published data from Sri Lanka, including calcite from granulite facies marbles and corundum from skarns and detrital deposits. Also plotted in Fig. 4a is a shaded field indicating (Fig. 4) requires multiple source rocks. (Valley et al. 1998; Cavosie et al. 2009; Grimes et al. 2011 (Fig. 1a) . Relatively small oxygen isotope fractionations between most minerals and zircon at high temperature (Valley 2003) (Land and Lynch 1996) . While shale is a high d 18 O source, metamorphosed shale does not appear to be a likely protolith for the large detrital zircons analyzed in this study, as zircons reported from metapelites are not megacrystic and commonly preserve growth zoning and inherited detrital cores (Dempster et al. 2004; Rasmussen 2005 (Valley 1986 ); values up to 28% have been reported for many greenschist to granulite facies marbles (Fig. 5) . For this discussion, we use ''marble'' to describe calcite-or dolomite-rich rocks produced from the recrystallization of a marine carbonate protolith regardless of the extent of fluid-rock interaction, whereas ''skarn'' is used to describe a rock that is largely the result of metasomatic replacement of a carbonate protolith by a high fluid-rock interaction. Note that in marbles that have experienced high-grade metamorphism, the role of fluids can be controversial and this distinction may be unclear (Valley et al. 1990) .
Zircons have been reported in marbles from several areas (Elsenheimer 1988; Ferry 1996; Tang et al. 2006; Liu et al. 2006) ; marble is thus known to contain zircon and has an appropriate range of d
18 O(whole-rock) to be a suitable source for the high d
18 O zircons. The hypothesis that marble is a source for high d
18 O zircons can be further evaluated based on oxygen isotope exchange considerations. The equilibrium fractionation factor for calcitezircon calculated from published values for zircon-quartz and quartz-calcite yields 1,000 lna (calcite-zircon) = 2.26 9 10 6 /T 2 (T in K, Valley 2003) . This fractionation factor yields D
18 O(calcite-zircon) = 2.0-3.8% from 800 to 500°C (Fig. 6 ). In the following sections, d
18 O values of calcite from rocks in Mogok and Sri Lanka are compared with the zircon data to evaluate further marble as a potential source for the high d
18 O zircons.
Origin of Mogok high d 18 O zircons
The source of large zircons in the Mogok placer deposits has not been determined; however, the area is well known for the occurrence of gemstone deposits (corundum, spinel, forsterite) in amphibolite facies marbles of Tertiary age, as well as placer deposits of these minerals (Garnier et al. 2008) . Mogok marbles yield d 18 O(calcite) = 19.9-27.8% (Garnier et al. 2008; Yui et al. 2008 ), values typical for marine carbonate (Fig. 4b) (Giuliani et al. 2005; Garnier et al. 2008; Yui et al. 2008) (Fig. 4b) 
O(whole-rock) variability and is viewed as unlikely). A weak correlation exists between d
18 O(Zrn) and color; dark red-to-orange zircons (n = 8) are restricted to a narrower range from 12.6 to 15.8%, whereas light yellowto-green zircons span the entire range (see color images in (Elsenheimer 1988; Hoffbauer and Spiering 1994) ; detrital zircon megacrysts CZ3 (this study) and M257 (Nasdala et al. 2008) ; zircon from granulite facies marble (CJJ4, this study); and corundum from various sources (Giuliani et al. 2005) . b Mogok data include d
18
O values of calcite from amphibolite facies marbles (Garnier et al. 2008; Yui et al. 2008) ; detrital zircons (this study: n = 28; Valley 2003: n = 1); and corundum, spinel, and forsterite (Garnier et al. 2008; Giuliani et al. 2005; Yui et al. 2008) . The star indicates the interpreted primary calcite d
O value of 27.5% by Yui et al. (2008) . The vertical dashed line in both zircon histograms at 10% is the igneous ''99% limit'' indicated in Fig. 1a 18 O [ 18% and are in oxygen isotope equilibrium with measured calcite at 700°C (Fig. 4b) (Elsenheimer 1988; Hoffbauer and Spiering 1994) , values typical of high-grade marble (Fig. 5) . The d 18 O(calcite) value of 23.6% measured by Elsenheimer (1988) for a bulk sample of calcite from the same hand sample as CJJ4 yields D 18 O(calcitezircon) = 4.2%, corresponding to a temperature of 480°C if in equilibrium (Fig. 6 ). Zircon CJJ4 is euhedral and in textural equilibrium with calcite and tremolite (Fig. 2a) 
Detrital zircon CZ3
Both CZ3 and M257 have U-Pb ages that coincide with the timing of Neoproterozoic granulite facies metamorphism at ca. 570-560 Ma in the HSWC (Kröner and Williams 1993; Hölzl et al. 1994) . The compositions of CZ3 and M257 have previously been well characterized due to their use as standards in U-Pb geochronology, and thus additional geochemical data are available for evaluating marble as a source for these zircons based on the d
18 O values. For CZ3, trace element abundances and ratios support a crustal origin, including high U (551 ppm) and low Th/U (0.05) (Pidgeon et al. 1994; Nelson 1997; Belousova et al. 1998; Valley et al. 1998; Konzett et al. 2000; Belousova et al. 2002; Nasdala et al. 2004) . The low average RREE abundance of 26 ppm for CZ3 (Mattinson et al. 2006 ) is not typical of igneous zircon from the crust; such low abundances have only been previously reported for zircons from kimberlite (Belousova et al. 1998; Spetsius et al. 2002; Page et al. 2007b ) and carbonatite (Hoskin and Schaltegger 2003) . The CART classification scheme for zircon provenance based on trace element composition suggests an origin for CZ3 in kimberlite; however, the high U, low eHf (Griffin et al. 2000) , low Th/U, and high d 18 O of CZ3 clearly preclude an origin in the mantle. Separately, each trace element data set for CZ3 shows characteristics typical for igneous zircon from both the crust (U, eHf, d
18 O) and the mantle (RREE) and also for metamorphic zircon (Th/U). However, the combined trace element data for CZ3 are unlike any known igneous zircon (Hoskin and Ireland 2000; Belousova et al. 2002; Hoskin and Schaltegger 2003) (Fig. 4a) .
Detrital zircon M257
Zircon standard M257 has a d 18 O value of 13.9% (Nasdala et al. 2008) , slightly lower than CZ3. M257 has a Oxygen isotope equilibrium for calcite-zircon. The calcitezircon fractionation factor is from Valley (2003) 206 Pb/ 238 U age of 561 Ma, U abundance of 840 ppm, a Th/U ratio of 0.27, and it is unzoned (Nasdala et al. 2008 (Fig. 4a) Tang et al. (2006) reported zircons in ''impure marble'' from the Sulu orogen (China) and interpreted their origin as detrital igneous grains, based on euhedral forms and the presence of oscillatory zoning. If detrital zircons provide the Zr for metamorphic zircon growth in high-grade marbles, a process of dissolution and reprecipitation is indicated; this is consistent with the absence of inherited zoning in the high d 18 O zircons reported here. Dissolution and reprecipitation may explain other occurrences and/or disappearances of zircon in marble. In the Ballachulish contact aureole (Scotland), zircon occurs as a trace phase in siliceous quartz-free dolomites, persisting until the baddeleyite isograd is encountered (Ferry 1996) :
Phase equilibria constraints demonstrate that zircon in the Ballachulish aureole is stable with dolomite at 3 kbar and at temperatures up to *710°C (Ferry 1996; Ferry et al. 2002) . The upper stability of zircon will reach higher temperature and pressure values in quartz-saturated calcitic marbles in the absence of dolomite. A ''zircon in'' reaction was not identified for the Ballachulish marbles; it is thus unclear if these zircons are detrital or metamorphic, as their zoning characteristics were not described. Zircon was also reported as an abundant accessory phase in high d 18 O marble dikes cross-cutting granulite facies rocks in the eastern Himalaya that were interpreted to be remobilized from metasedimentary carbonates (Liu et al. 2006) ; zircon zoning characteristics were not reported, so both detrital and metamorphic origins are possible.
The reports of zircon in marble described above include grains that range from 10 s to \ 200 lm in length; thus the processes active during their formation may be applicable to the petrogenesis of high d
18 O zircon CJJ4 (Fig. 2) , which at *150 lm can be considered a ''typical'' size zircon. The above examples do not, however, describe the occurrence of megacrystic zircon in marble; the formation and/or (re)crystallization mechanisms may be very different for the large high d
18 O zircons from Mogok and Sri Lanka, some of which are [8 mm (Online Resource 2). Zircon megacrysts have been reported from numerous rock types, including kimberlites (Kresten et al. 1975; Valley et al. 1998; Page et al. 2007b) , carbonatites, syenites, and alkali basalts (Hinton and Upton 1991; Sutherland 1996) , and to a lesser extent granitic pegmatites. In all cases, the zircons have been interpreted as igneous grains that originated in mantle-derived melts based on the presence of oscillatory growth zoning (Page et al. 2007b; Ashwal et al. 2007; Siebel et al. 2009 ) and mantle-equilibrated oxygen isotope ratios (Valley 2003; Valley et al. 1998; Upton et al. 1999; Page et al. 2007b; Siebel et al. 2009 ).
The large detrital zircons from Sri Lanka and Myanmar described here are clearly distinguishable from previous reports of igneous zircon megacrysts based on their high d
18 O values and absence of growth zoning and may represent the first report of megacrystic zircon from metamorphic rocks (even though we emphasize the fact that their host rocks have not been identified). It is therefore likely that different crystallization processes were active during the solid-state formation of the high d
18 O metamorphic megacrysts compared with the igneous megacrysts. Several studies have addressed processes governing the growth, recrystallization, and coarsening of zircon in quartzite and metapelitic rocks, including Ostwald ripening and the role of anatectic melt enhanced Zr transfer (Nemchin et al. 2001; Ayers et al. 2003; Peck et al. 2010) . Without knowledge of certain characteristics of the host rocks for the high d
18 O megacrysts (e.g., bulk composition, Zr content, zircon crystal size distribution), it is not possible to evaluate the influence of Ostwald ripening or the presence of partial melts during the formation of the megacrysts. However, we note that in the above three studies the amount of coarsening reported, whether by Ostwald ripening (Ayers et al. 2003) or in conjunction with melt transfer (Nemchin et al. 2001; Peck et al. 2010 ) did not produce zircons larger than 250 lm (most are \100 lm), even when the overgrowth constituted 70% by volume of the grain. Moreover, in all cases, the newly precipitated overgrowths preserve readily identifiable growth zoning in CL images. It appears that both Ostwald ripening and/or partial melting in quartzite and metapelitic rocks, where documented, produce metamorphic zircons with markedly different internal zoning characteristics and grain sizes when compared with the high d
18 O zircon megacrysts from Sri Lanka and Mogok. A detailed investigation of the growth mechanisms for the high d
18 O megacrysts is beyond the scope of this paper and would require identification of the source rocks.
Conclusions
The 
